Background-Traumatic experiences may lead to debilitating psychiatric disorders including acute stress disorder and post-traumatic stress disorder. Current treatments for these conditions are largely ineffective; therefore, novel therapies are needed. A cardinal symptom of these pathologies is the re-experiencing of the trauma through intrusive memories and nightmares. Studies in animal models indicate that memories can be weakened by interfering with the post-retrieval re-stabilization process known as memory reconsolidation. We previously reported that, in rats, intra-amygdala injection of the glucocorticoid receptor antagonist RU38486 disrupts the reconsolidation of a traumatic memory. Here we tested parameters important for designing novel clinical protocols targeting the reconsolidation of a traumatic memory with RU38486.
Introduction
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The authors reported no biomedical financial interests or potential conflicts of interest. emotional state that can last for several weeks (1) . This symptomatology is known as acute stress disorder (ASD). ASD generally recedes and the traumatized individual returns to an asymptomatic state within a few weeks. However, in some cases, ASD persists and develops into post-traumatic stress disorder (PTSD), a psychiatric disorder associated with pervasive and debilitating symptoms of intense emotional distress that results in functional impairment. In the United States, approximately 8% of the population develops PTSD after a significant traumatic event (2) . Unfortunately, the treatments currently available for PTSD, which include psychotherapeutic and pharmacologic types of approaches, rarely exceed a 60% rate of success, and fewer than 20-30% of patients achieve full remission (3, 4) . Hence, there is an urgent need for identifying novel, efficacious treatments.
The most characteristic symptom of both ASD and PTSD is the re-experiencing syndrome during which the patient continuously relives the initial trauma (1) . This re-experiencing can take on different forms such as nightmares, hallucinations, intrusive memories and emotional crises. It has been postulated that recalling and re-experiencing intrusive, repetitive, and vivid emotionally laden memories of a trauma are pivotal to the development of PTSD. These memories are thought to develop through classical fear conditioning processes (5, 6) . In fact, fear conditioning appears to be critically involved in the development of a variety of anxiety disorders, PTSD and panic disorders (7) (8) (9) .
Although they do not precisely reproduce the entire PTSD pathology, animal models of fear conditioning can be used to replicate the fear response of human traumatic memories (10) (11) (12) .
In rodents, established memories, including fear conditioning, can be disrupted if interfering events or pharmacological treatments are presented or administered in a timely fashion following their retrieval (13) (14) (15) . This indicates that, following retrieval, a traumatic memory becomes temporarily labile and undergoes a re-stabilization process in order to be maintained. This process is known as memory reconsolidation (13, 14) . Thus, interfering with the reconsolidation of a traumatic memory may provide an opportunity for preventing or alleviating PTSD (14, 16) .
To date, several types of compounds have been found to interfere with the reconsolidation of fear memories in animal models. These include, among others, inhibitors of protein synthesis (13, (17) (18) (19) , inhibitors of mitogen-activated protein kinase (MAPK) (20) , inhibitors of mammalian target of rapamycin (mTOR) (21) and antagonists of N-methyl-D-aspartate (NMDA) (22) , adrenergic (23, 24) , and glucocorticoid receptors (25, 26) . Most of the animalbased studies that have investigated these compounds have evaluated the contribution of specific brain regions to the reconsolidation process by stereotactically targeting specific intracerebral areas. However, in order to design clinical protocols that aim to disrupt the reconsolidation of traumatic memories, it is critical that we establish the effect of systemic treatments. For example, it is crucial to know the time course and dosage parameters that permit the most powerful disruption of traumatic memory reconsolidation. In addition, it is important to determine the degree of specificity of the intervention.
Using inhibitory avoidance (IA) in rats, we have previously found that amygdala injections of the glucocorticoid receptor antagonist RU38486 immediately after retrieval persistently disrupt memory retention. This memory does not re-emerge after a reminder footshock, suggesting that the RU38486 treatment may indeed permanently weaken memory storage (26) . These results, together with the fact that RU38486 is well tolerated in humans, suggest that this is a novel potential treatment for ASD and PTSD. In the present study, using the same paradigm as a preclinical model, we investigated the temporal and procedural modalities that might be used to optimally disrupt an established traumatic memory in humans. Thus, we determined the dose-response curve of systemic administration of RU38486, the optimal number of treatments and time of administration in relationship to the intensity of the traumatic memory and the specificity of this type of intervention.
Methods and Materials

Animals
Long Evans adult male rats (Harlan, Indianapolis, Indiana) weighing between 250 and 350 grams were housed individually on a 12 hours light/dark cycle with ad libitum access to food and water. All experiments were conducted during the light cycle between 9 am and 6 pm. All protocols complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Mount Sinai School of Medicine Animal Care Committees.
Pharmacological treatments
RU38486 (Sigma, St Louis, Missouri) was dissolved at the final concentrations in 100% 1,2-Propanediol (propylene glycol) and administered subcutaneously at a 1.0 ml/kg volume (27) ; vehicle therefore consisted of 100% propylene glycol. Cycloheximide (Sigma, St Louis, Missouri) was dissolved in 0.9% saline and administered subcutaneously (s.c.) at 2.2 mg/Kg (28, 29) .
Inhibitory Avoidance
The IA procedure was used as previously described (30, 31) . See supplement 1 material for detailed method.
Open-Field and Locomotor activity Tests
Open-field and locomotor activity were carried out according to Weaver et al. (32) , as detailed in the supplement 3 material.
Two task behavioral paradigm (IA and FC)
IA was performed as described above. Auditory-cued fear conditioning (FC) was carried out as previously described (18, 33) with some modifications as described in the supplement 2 material.
Statistical Analysis
One-or two-way analysis of variance (ANOVA) followed by respectively Newman-Keuls or Bonferroni-protected post hoc t test were used. One-way ANOVA compared latencies across treatments and two-way ANOVAs compared latencies across treatment and test. For two groups comparisons, student t-tests were used. Significance was taken at p < 0.05.
Results
Post-retrieval systemic administration of RU38486 weakens the memory of a traumatic experience in a dose-dependent manner
We investigated whether peripherally injected RU38486 following retrieval affects IA retention in a dose-dependent manner. Rats were trained in IA with 0.6 mA. Forty-eight hours post-training, memory retention was tested (Test 1, Figure 1A ). This test reactivated the memory. Immediately after, the animals received a s.c. injection of 3, 30, 60, or 120 mg/Kg RU38486 or vehicle. Two days after Test 1, the animals were tested (Test 2). At Test 2, rats that received 30, 60 or 120 mg/Kg ( Figure 1C -E) but not 3 mg/Kg RU38486 ( Figure 1B ) exhibited significantly weaker retention compared to vehicle-treated controls (two-way ANOVA, F 1,80 = 17, p < 0.0001 for 30 mg/Kg RU38486; F 1,76 = 17.90, p < 0.0001 for 60 mg/ Kg RU38486, F 1,52 = 19.22, p < 0.0001 for 120mg/Kg RU38486 followed by Bonferroni posthoc tests, Figure 1C -E). To assess whether the effect of treatment was contingent upon memory reactivation, we injected 30, 60 or 120 mg/Kg s.c. 48 hours after training in the absence of Test 1. Rats were tested 96 hours after training (Test 2). At Test 2, no significant effect of RU38486 treatment in the absence of reactivation compared to vehicle-injected controls was found ( Figure 1C-E) . However, a significant effect was found between RU38486-injected rats in the absence of reactivation compared to RU38486-injected rats that underwent reactivation (oneway ANOVAs followed by Newman-Keuls post-hoc tests). Hence, RU38486 disrupts the reconsolidation of an established memory -that is, only if administered after the memory is reactivated.
To establish whether the effect of RU38486 is long-lasting, the animals were re-tested one week after Test 2 (Test 3). The memory impairment persisted at all effective doses ( Figure 1C -E, Bonferroni post-hoc). Since previous experiments have suggested that spontaneous memory recovery may occur over the course of several weeks (34) , in a separate experiment, we tested whether the disruptive effect of RU38486 persisted for at least 3 weeks. Rats were trained and memory was reactivated by testing (Test1) as described in the previous experiments. Following reactivation, the animals were injected with either 30 mg/Kg of RU38486 or vehicle. Twentyone days after reactivation they were tested (Test 2). A two-way ANOVA showed a significant effect of treatment (F 1,45 = 17.2, p < 0.01) and test (F 2,45 = 13.7, p < 0.05). Bonferroni posthoc tests revealed a significant decrease in the latencies RU38486-injected rats compared to vehicle-injected controls at Test 2 ( Figure 1F ).
To determine whether a disrupted memory could be reinstated by a reminder footshock, one day after the test for persistence (Test 3 Figure 1C -E, and Test 2 Figure 1F ) the rats received a 0.6 mA shock in a different context and were tested 24 hours later ( Figure 1 ). Memory did not recover after this reminder shock in any of the RU38486-treated groups. A Bonferroni post-hoc test confirmed that, in all experiments, RU38486-treated animals maintained a significant memory loss compared to vehicle-injected controls. Additional control experiments confirmed that the same reminder footshock used in these experiments fully re-instated an extinguished IA memory (data not shown).
To evaluate whether changes in anxiety or overall activity contributed to the effect of RU38486 on memory retention, we determined, 48 hours after reactivation, the anxiety behavior in the open field and the locomotor activity of rats trained, reactivated and treated as described above. Student t-tests comparing vehicle to RU38486 injected animals revealed no difference in either open field or locomotor activity ( Figures 1G and 1H ), indicating that the treatment with RU38486 targets memory retention and not locomotor activity.
These results show that IA memory is persistently disrupted by systemic treatment of RU38486 in a dose-and reactivation-dependent manner and that 30 mg/Kg is sufficient for obtaining a maximal and persistent memory disruption.
One or two treatments of RU38486 are sufficient to maximally disrupt a traumatic memory
Here we examined how many post-reactivation RU38486 treatments are necessary to maximally disrupt the retention of a traumatic memory. Rats trained in IA using 0.6 mA underwent four subsequent tests, each separated by 24 hours (Tests 1-4, Figure 2 ). Following each test, animals received a s.c. injection of either RU38486 or vehicle. Each test served to both reactivate the fear memory and test the effect of the previous RU38486 treatment(s). Animals were tested two days later (Test 5). A two-way ANOVA found a significant effect of treatment (F 1,65 = 55.48, p < 0.0001), test (F 4,65 = 5.322, p < 0.001), and a treatment-test interaction (F 4,65 = 2.712, p < 0.05). Bonferroni post-hoc tests revealed that a single treatment significantly and maximally disrupts the retention of an IA memory. Whereas the second treatment showed a small trend toward further disruption, subsequent treatments had no additive effects. Memory disruption was contingent upon reactivation, as, in fact, a one-way ANOVA followed by a Newman-Keuls post-hoc test showed no difference at Test 5 between post-retrieval vehicle-injected and RU38486-injected animals that did not receive reactivations. Conversely, post-reactivation RU38486-injected animals had significantly reduced latencies when compared to each of the other groups.
Thus, the effect of RU38486 is maximal after one or two consecutive post-retrieval administrations.
Pre-reactivation administration of RU38486 disrupts IA memory reconsolidation
Previous studies in animal models revealed that the time window of susceptibility to disruption is limited to only a few hours following reactivation (18, 35) . For clinical applications, it is important to determine the effective temporal window of the pharmacological intervention. For example, if PTSD subjects receive the pharmacological treatment after a re-experiencing session (reactivation), it is possible that the time that elapses between the reactivation and the pharmacological action allows reconsolidation to occur, at least in part, thereby reducing the efficacy of treatment. Hence, as detailed in the supplementary material (supplement 4), we tested the effect of RU38486 administered before IA reactivation on both retrieval and subsequent memory retention. Results revealed that this intervention significantly disrupts the memory reconsolidation, while sparing retrieval ( Figure 3 ).
Post-retrieval RU38486 administration selectively disrupts the memory that has been reactivated but spares another non-reactivated memory
To determine whether RU38486 treatment selectively targets the reactivated memory or whether it may affect the retention of other previously established memories and perhaps those that engage overlapping memory systems, rats underwent training in two tasks, IA and auditory-cued fear conditioning (FC). In auditory FC, animals learn to associate a tone with a footshock, and both the consolidation and reconsolidation of this task, like IA, recruit the amygdala (36, 37) . Subsequently, only one of the two experiences, either IA or FC, was reactivated and the effect of a systemic treatment with RU38486 was determined on the retentions of both IA and FC.
Rats were trained in IA and two days later in FC. Two days later, rats received either a reactivation test for IA (IA Test 1, Figure 4A ) or a reactivation test for FC (FC Test 1, Figure  4B ). Following reactivation, each group of rats were injected with either 30 mg/Kg RU38486 or vehicle. Two days later, they were tested for both IA and FC retentions. As shown in Figure  4 , only the reactivated memory was selectively disrupted by RU38486 treatment, while the other memory remained intact.
In the IA reactivation experiment ( Figure 4A ), a two-way ANOVA revealed a significant interaction (F 1,24 = 4.792, p < 0.05) and Bonferroni post-hoc indicated a significant reduction in the IA retention of RU38486-treated animals compared to vehicle at Test 2. A student t-test revealed that, conversely, FC retention times did not differ between groups. When FC was reactivated, the treatment with RU38486 selectively disrupted the retention of FC but left IA memory intact ( Figure 4B) . A two-way ANOVA demonstrated a significant effect of treatment (F 1,28 = 6.918, p < 0.05). A Bonferroni post-hoc test indicated a significant impairment for FC retention at Test 2 in the RU38486-treated animals compared to vehicle-injected controls whereas IA latencies remained unaffected (student t-test).
Together, these data indicate that RU38486 selectively disrupts the reactivated memory.
The effect of post-retrieval administration of RU38486 on memory retention is a function of the intensity of the initial traumatic experience
To determine whether RU38486 disrupts the reconsolidation of a more intense traumatic fear memory, we trained rats in IA with either 0.9 (moderate) or 1.2 mA (high) footshock intensity. Forty-eight hours after training, the animals were tested (Test 1, Figure 5A ). Immediately after, they received an injection of either 30 mg/Kg RU38486 or vehicle and two days later were tested (Test 2).
Rats trained with 0.9 mA and treated with RU38486 showed a significant reduction in IA retention compared to vehicle-injected controls ( Figure 5B Figure 5B) . Furthermore, the effect of RU38486 was persistent one week after Test 2 (Test 3, Figure 5B ) and their memory retention remained significantly impaired compared to vehicleinjected controls after a reminder footshock administered one day later (Test 4, Figure 5B ; Bonferroni post-hoc tests). Hence, systemic RU38486 treatment persistently disrupts the reconsolidation of an established fear memory of moderate intensity.
Conversely, rats that were trained with 1.2 mA shock intensity and 48 hours later received an RU38486 injection after reactivation showed normal memory retention ( Figure 5C ). We therefore tested whether an increased dosage of RU38486 could effectively decrease memory retention, but 120 mg/Kg RU38486 treatment also failed to significantly disrupt the reconsolidation of a 1.2 mA IA memory ( Figure 5C ). A two-way ANOVA revealed no effect of treatment, test, or treatment-test interaction. Since previous work suggested that a 2 day-old IA memory induced by a high intensity shock is disrupted by post-retrieval systemic inhibition of protein synthesis (30, 31), we tested the effect of a protein synthesis inhibitor on IA evoked by a 1.2 mA shock intensity. Rats were trained and forty-eight hours later they were tested (Test 1, Figure 5D ). Immediately after Test 1 and five hours later ( Figure 5A ), they received a s.c. injection of either 2.2 mg/Kg cycloheximide or vehicle. This cycloheximide treatment blocks 70% of protein synthesis in the rat brain for at least 5 hours (29) . As shown in Figure  5D , cycloheximide disrupted the retention of a memory induced by a 1.2 mA intensity shock. A two-way ANOVA revealed a significant effect of treatment (F 1,24 = 6.45, p < 0.05), test (F 1,24 = 5.45, p < 0.05) and treatment-test interaction (F 1,24 = 19.18, p < 0.001). A Bonferroni post-hoc test revealed a significant reduction in latency in the cycloheximide-injected animals compared to controls at Test 2. Thus, a two-day old, high intensity fear memory is unaffected by RU38486 but can be disrupted by protein synthesis inhibition.
Time and number of interventions are critical factors that enable RU38486 to weaken a high intensity traumatic memory
As cycloheximide treatments revealed that a high intensity traumatic memory can be disrupted, in the next set of experiments, we investigated whether changing two parameters, that is, number of post-retrieval treatments and training-reactivation interval, enables RU38486 to weaken a high intensity traumatic memory. Clinical studies on PTSD suggest that an immediate intervention (e.g., debriefing) after trauma is less effective than a relatively delayed one (38) (39) (40) (41) , indicating that timing of treatment is critical for a successful outcome.
In the first set of experiments, we tested whether multiple treatments weaken an IA memory elicited by a high intensity shock. As depicted in Figure 6A , animals were trained with a 1.2 mA shock. Two days later, they underwent two subsequent testing trials separated by 24 hours (Test 1 and Test 2), each of which was followed by an injection of 30 mg/Kg RU38486. Finally, the animals were tested 48 hours later (Test 3).
As shown in Figure 6A , this treatment protocol was unable to significantly affect the retention of a high intensity traumatic memory. Indeed, although a small trend was observed, a two-way ANOVA comparing vehicle-and RU38486-treated animals revealed no effect of treatment, test or treatment-test interaction.
In a second set of experiments, we investigated whether an IA memory of high intensity could be disrupted by RU38486 if the time elapsing between training and reactivation was extended. Rats were trained and one week later underwent two consecutive treatments with 30 mg/Kg RU38486 or vehicle following memory reactivation separated by 24 hours (Test 1 and Test 2, Figure 6B ). A retention test, two days later (Test 3), revealed that the RU38486 treatments significantly disrupted the memory ( Figure 6B) . A two-way ANOVA (significant effect of treatment: F 1,100 = 24.02, p < 0.0001 and test: F 4,100 = 2.84, p < 0.05) followed by a Bonferroni post-hoc test revealed that, while after the first of the two treatments there was only a small trend, after the second treatment (Test 3) a significant reduction in latency was evident in the RU38486-injected rats compared to vehicle-injected controls. The effect was contingent upon memory reactivation, as RU38486 injections in the absence of both Test 1 and Test 2 had no effect on memory retention. Hence, two consecutive treatments a week after training disrupt the reconsolidation of a high intensity traumatic memory. The memory disruption was persistent when the animals were retested a week later (Test 4) and memory retention remained impaired at Test 5, 24 hours following a reminder footshock (Bonferroni post-hoc test, Figure  6B ).
Together, these results establish that both timing and number of interventions are crucial parameters for designing treatment protocols that effectively disrupt the retention of traumatic memories using RU38486.
Discussion
This study provides evidence that systemic treatments with RU38486 persistently disrupt memory retention. Memory impairment did not revert after a reminder footshock, suggesting that the RU38486 targets memory reconsolidation and, therefore, ultimately, the storage of information. We propose that RU38486 in tandem with memory reactivation sessions represents a novel therapeutic approach for the treatment of psychiatric disorders linked to traumatic experiences and fear conditioning.
Dosage, persistent effect and target mechanism of RU38486
RU38486 is a safe, well-tolerated FDA approved medication used for termination of pregnancy (http://www.fda.gov/cder/drug/infopage/mifepristone/default.htm). In addition, it has been studied in clinical trials for treatment of psychotic depression (42-46), Alzheimer's Disease (47) (48) (49) , schizophrenia (50) and bipolar disorder (51) . Our results used a preclinical model in rats to show that RU38486 in tandem with memory reactivation can be employed to disrupt the retention of traumatic memories, suggesting that disorders resulting from traumatic experiences, including but not restricted to ASD and PTSD, may benefit from such treatment. The dosage of 30 mg/Kg, that in our studies optimally and persistently disrupts traumatic memories, is within the range of the 1200 mg dosage found to be effective in treating psychotic major depression in human adults (43) . The effect of RU38486 is significant and persistent whether it is administered before or after memory retrieval, suggesting that an extended time window of treatment around the retrieval trial exists. Importantly, administration before retrieval does not affect the recall of the memory itself, a condition necessary for the treatment to be effective and disrupt memory reconsolidation.
The mechanism targeted by RU38486 administered after retrieval appears to be the reconsolidation of the memory of the original experience. Determining whether the target mechanism is the reconsolidation of the memory and not other processes such as extinction, which is elicited by similar reactivation (exposure) protocols, is important for elucidating the temporal evolution of the amnesic effects. Retrieval is generally evoked by the exposure to the context or cues (conditioned stimulus, CS) in the absence of shock (unconditioned stimulus, US). This exposure can elicit both the reconsolidation of the original memory and extinction learning, by which the animal learns that the CS is no longer associated to the US, and therefore "safe" (52) . Both disrupting reconsolidation and inducing extinction lead to the same end result, that is, a decrease in the expression of the conditioned response. However, whereas disrupting reconsolidation weakens the original memory, inducing extinction leaves the original memory intact but counteracts its expression by adding a new memory (52, 53) . This represents a very different therapeutic outcome. Agonists of glucocorticoid receptors, including dexamethasone and corticosterone administered after CS exposures enhance extinction learning (54) (55) (56) , while administration of the corticosterone synthesis inhibitor metyrapone disrupts the consolidation of extinction (57) . Conversely, our study provides evidence that antagonists of glucocorticoid receptors likely target the reconsolidation of the memory of original experience. In fact, the hallmarks of extinction learning, namely spontaneous recovery and memory reinstatement following a footshock reminder (53), fail to take place in our paradigm. In line with this conclusion previous studies in rodents have revealed that RU38486 disrupts memory consolidation (58, 59) as well as extinction itself (60) .
Several studies have reported that acute administration of glucocorticoids impairs memory retrieval, which may represent a different approach to weaken the strength of traumatic memories by either preventing reconsolidation or facilitating extinction (55, 61) . In contrast, here, we report that glucocorticoid receptors antagonists do not affect retrieval per se but rather disrupt the reconsolidation process.
Although we cannot completely exclude that the memory impairment seen with RU38486 might be due to a failure in subsequent retrievals rather than an interference with the reconsolidation process, we favor the latter hypothesis for the following reasons: memory impairment is evident at testing times that are remote from the times of treatment, the administration of RU38486 before testing does not affect retrieval per se and footshock reminder exposure fails to reinstate the disrupted memory.
Selectivity of the treatment
The post-retrieval effect of RU38486 is selective for the reactivated memory. To our knowledge this is the first evidence showing such a memory-selective effect.
On a different level, selectivity of the treatments targeting memory reconsolidation has been also supported by the fact that, in all reconsolidation studies, including the present one, if the pharmacological treatment is applied in the absence of reactivation, no effect is observed on the memory retention (13, 17, 19, 37) . Furthermore, only directly reactivated associations become labile, while indirectly reactivated associations do not, suggesting that memory reactivation produces content-limited vulnerability rather than global changes in a memory and its associations (62) .
Thus, pharmacological intervention in combination with behavioral therapy that target memory reconsolidation will not likely cause a general disruption of other memories including those that are linked associatively to the reactivated memory.
Moreover, RU38486 treatments administered after memory reactivation result in a decrease in the retention of the memory rather than a complete amnesia, suggesting that this treatment will likely weaken the intensity of the memory and not result in a complete deletion of memory contents.
Intensity of the initial traumatic experience, age of the memory and number of treatments
Whereas a single administration of RU38486 affected 0.6 and 0.9 mA IA memories reactivated 2 days following training, it did not affect a 1.2 mA IA memory. However, since the latencies resulting from a 1.2 mA footshock mostly reached the maximum latency (540 sec), we cannot exclude that memory disruption occurred but was masked by a ceiling effect. Nevertheless, this memory was significantly weakened by inhibition of protein synthesis, suggesting that it was potentially disruptable. Importantly, when one week elapsed between training and reactivation, the IA memory could then be disrupted by RU38486. Thus, for high intensity traumatic experiences, a delayed intervention is likely to be more beneficial than an immediate one. Interestingly, clinical studies on PTSD have reported that, whereas early interventions, such as psychological debriefing, are critical for managing the stress response to trauma (63, 64) , to be more efficacious, intervention should not occur too early (e.g. immediately after the trauma). Indeed, intervening too early, when the stress of the experience and trauma has not yet waned, might exacerbate the relapse to fear (38) (39) (40) (41) . Similarly, in rodents, recent fear is resistant to extinction (65) . Thus, it is plausible that experiencing a highly traumatic event evokes a stronger and longer lasting stress response compared to experiencing a mild trauma. In this case, an immediate post-trauma re-exposure may additionally increase the stress response, which may become yet more resistant to disruption. Since stress and arousal are known to mediate memory consolidation (66, 67) , and systemic administration of corticosterone or glucocorticoid receptor agonists shortly after training can facilitate memory retention (68) (69) (70) , an immediate treatment with RU38486 may not be sufficient to counteract a strong trauma. However, an intervention that occurs at later times, when the stress response is decreased, might be more efficacious. Additionally, it is possible that a high intensity stress response may recruit different mechanisms that are more resistant to disruption than those activated by a milder stress.
In agreement with our results, temporal dynamics of memory reconsolidation in mice are dependent on the strength of the memory, such that weaker memories are more easily disrupted after reactivation than stronger ones (71) . Similarly, overtraining in rat auditory fear conditioning renders memories transiently resistant to protein synthesis inhibition (Wang and Nader, personal communication).
In apparent contrast, previous studies using fear conditioning types of tasks in different species have shown that the passage of time (on the order of several weeks) influences the stability of a memory, and that older memories become less susceptible to disruption following their reactivation (30, (71) (72) (73) (74) (75) (76) . This process likely reflects a lingering of the consolidation phase (13, 17) . Similarly, it is possible that over time older memories become resistant to the effect of RU38486 and further studies are need to address this point. To unravel the effect of time on the stabilization of IA memory in relationship to the effect of RU38486, co-investigating the contribution of the intensity of the original training and type and number of reactivations and treatments will be necessary. Indeed, highly traumatic experiences may result in memories that are initially resistant to disruption (stress effect), but subsequently become labile, and then finally consolidate over time to a resistant state once again (consolidation effect).
Hence, all these parameters should be kept in mind when designing therapeutic protocols: an immediate intervention may be inefficient for a highly traumatic experience, whereas a very late intervention may not be efficacious because memory has become more consolidated and therefore resistant to post-reactivation intervention.
In conclusion, our findings demonstrate that RU38486 administered systemically in the context of memory reactivation is effective at disrupting reconsolidation of fear-related memories. We have also shown that it is effective when given at the dosage range within that used in clinical applications of RU38486 for other purposes and that this disruption occurs after only one or two exposures. Finally, the effect of RU38486 is selective for the reactivated memory. Our preclinical findings therefore provide the parameters for very promising clinical trials using RU38486 for the treatment of the re-experiencing symptoms of PTSD.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. One-two post-retrieval RU38486 treatments are sufficient to maximally disrupt the retention of a traumatic memory. Mean latencies ± s.e.m. of groups of rats systemically injected (↑) with 30 mg/Kg of RU38486 (n = 8) or Veh (n = 7) immediately after Tests 1 through 4, and then re-tested 48 hours later (Test 5). (***p < 0.001). RU38486 NR: rats that received RU38486 in the absence of reactivation (n = 6). (*p < 0.05) RU38486 disrupts a traumatic memory when administered prior to memory reactivation. Animals were trained using a 0.6 mA (mild) foot shock. Mean latencies ± s.e.m. of groups of rats systemically injected (↑) with 30 mg/Kg of RU38486 (n = 13) or Veh (n = 11) 45 minutes prior to Test 1 and re-tested 48 hours later (Test 2). (**p < 0.01). The efficacy of post-retrieval RU38486 treatmment is a function of the intensity of the initial trauma. (A) IA training/testing and drug administration schedule. (B) Animals were trained using a 0.9 mA (moderate) foot shock. Mean latencies ± s.e.m. of groups of rats systemically injected (↑) with 30 mg/Kg of RU38486 (n = 8) or Veh (n = 10) immediately after Test 1 and re-tested 48 hours later (Test 2), 1 week later (Test 3) and after a reminder shock (Test 4). NR, n = 7. (***p < 0.001). (C) Animals were trained using a 1.2 mA (high) foot shock. Mean latencies ± s.e.m. at Test 2 of groups of rats systemically injected with 3 (n = 8), 30 (n = 7) or 120 (n = 8) mg/Kg of RU38486 or Veh (n = 8) immediately after Test 1. (D) Animals were trained using a 1.2 mA (high) foot shock. Mean latencies ± s.e.m. of groups of rats systemically Time and number of interventions are critical parameters for RU38486 efficacy in disrupting a high intensity traumatic memory. (A) Mean latencies ± s.e.m. of groups of rats systemically injected (↑) with 30 mg/Kg of RU38486 (n = 12) or Veh (n = 9) immediately after Test 1 and Test 2, and then re-tested 48 hours later (Test 3). (B) Mean latencies ± s.e.m. of groups of rats systemically injected with 30 mg/Kg of RU38486 (n = 11) or Veh (n = 11) immediately after both Tests 1 and 2, and then re-tested 48 hours later (Test 3), 1 week later (Test 4) and after a reminder shock (Test 5). (*p < 0.05; **p < 0.01). RU38486 NR: rats that received RU38486 in the absence of reactivation (n = 6). (*p < 0.05).
